Mortalities of oyster seed of Crassostrea gigas associated with ostreid herpes virus OsHV-1 μVar have been observed in many oyster producing countries since 2008. The objective of this study was to further investigate whether low temperature treatments can offer a viable option to mitigate oyster mortalities. An experiment was set-up to further evaluate the effect of low temperature treatments (10 and 13°C vs. 21°C) and their duration (6 d to 83 d) on the survival of oysters previously infected with OsHV-1 μVar by means of exposure to field conditions in areas where mortalities were occurring. Average survival of oysters infected with OsHV-1μVar was 71% after 83 d at low temperatures compared to only 23% in controls maintained at 21°C. During cold-exposure, levels of OsHV-1 DNA in oyster tissues gradually decreased, down to nearly the detection limit after 24 d. However, when cold-acclimated oysters were suddenly exposed at 21°C in the laboratory, they exhibited high levels of mortality along with an enhancement of OsHV-1 DNA concentration in their tissues. Therefore, OsHV-1 persists in oysters even at low temperature and is reactivated during subsequent thermal elevation to 21°C. Low temperature treatments did not improve overall survival of oyster seed infected with OsHV-1. These results suggest that moving infected oysters to a cooler area only delays mortality and may increase the risk of infection in neighbouring stocks when rising temperatures become permissive for viral replication.
Introduction
Since 2008, mass mortalities of oyster seed of Crassostrea gigas have been reported in several European countries in relation to the detection of a particular genotype of the Ostreid Herpes Virus 1 (OsHV-1) called µVar (EFSA 2010 , Segarra et al. 2010 , Martenot et al. 2011 , Lynch et al. 2012 , Peeler et al. 2012 , Roque et al. 2012 . These mortalities affected all rearing sites along French coasts when seawater temperature exceeds 16°C (Pernet et al. 2012 , Petton et al. 2013 , Renault et al. 2014 . However, oysters infected with OsHV-1 µVar and further maintained at 13 °C for 40 days in the laboratory show no mortality, are negative for OsHV-1 and do not transmit the disease to healthy oysters (Petton et al. 2013) . Therefore, the maintenance of infected oysters at low temperatures may offer a way to mitigate OsHV-1 related mortalities. But, the long-term survival of these cold-acclimated, previously infected and cold-acclimated oysters needs to be further evaluated, notably in field conditions where mortalities are occurring. In addition, the protocol for cold-exposure requires fine-tuning i.e.
testing of several combinations of low temperatures and duration of application, and validation at a larger scale.
The objective of the present study was to evaluate the effect of low temperatures on the long term survival of oysters previously infected with OsHV-1 µVar. To this purpose, naïve oyster seed were exposed for 5 and 8 days to field conditions where mortalities were occurring and were maintained at low temperatures (10°C and 13°C) in the laboratory for time varying between 6 d and 83 d. Then, oysters were either exposed to a thermal challenge in the laboratory (21°C) to check for activation of the virus, or transferred back to field site where mortalities were actively occurring to evaluate the survival of cold-acclimated oyster seed.
Material and methods

Animals
Experimental oysters were produced as previously described in Petton et al. (2015) . Briefly, broodstock originating from wild oyster population located in Fouras (Marennes-Oléron, France, 46°00'43.2''N, 1°07'02.9''W) were collected in August 2009 and 2010, and placed in mesh-bags in February 2010 and 2011 for transfer to a grow-out farm located in Aber Benoît, (northern Brittany, France, 48°34'29.976'' N, 4°36'18 .378'' W).
On January 8 th 2013, 40 adult oysters were moved to the Ifremer facilities in Argenton (Brittany, France, 48°31'16.320'' N, 4°46'01.998'' W) for conditioning during 5 weeks.
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These animals were held in 500-L flow-through tanks with seawater at 16°C enriched with a phytoplankton mixture. Seawater was treated with UV and filtered at 1 µm. The daily mixed diet consisted of Isochrysis affinis galbana (CCAP 927/14) and Chaetoceros gracilis (UTEX LB2658) 1:1 in dry weight at a ration equivalent to 6% of the oyster dry weight. Once the oysters were reproductively mature, gametes from 40 individuals (1/3 males, 2/3 females), obtained by stripping, were mixed in a 5-L jar at a ratio of 50 spermatozoids per oocyte.
Fertilization and larval rearing were conducted as previously described in Petton et al. (2015) .
When oysters were > 2 mm shell length on April 11 th 2013, they were transferred to the Ifremer nursery in Bouin (Vendée, France, 46°57'15.5"N 2°02'40.9"W). Experimental oysters were transferred back to Argenton mid-June 2013. Oyster seed did not exhibit mortality at 21°C under laboratory conditions and OsHV-1 DNA was not detected. Therefore, oyster seed was considered as naïve with regard to OsHV-1 µVar.
Experimental design
A schematic of the experiment is shown in Fig. 1 . Average whole body wet weight of oysters was 0.94 g and age was 5.5 months at the start of the experiments.
Field exposure
On July 5 th , subsample of oyster seed (ca. 22000 individuals) was transferred to a farming area located in the Bay of Brest at Pointe du Chateau (48° 20' 06.19" N, 4° 19' 06 .37" W, seawater temperature = 18.0°C, Fig. 2 ) where mortalities were occurring among local oysters, while the remaining oysters were held at the Ifremer facilities in 500-L tanks at 21°C. Oysters in the bay of Brest were kept in mesh bags (ca. 300 individuals per bag) attached to iron tables. Field exposure lasted for 5 d or 8 d, and oyster seed was transferred back to the Ifremer facilities in Argenton on July 9 th or 12 th respectively. The oysters exposed to field conditions (presumably infected with OsHV-1) and those maintained in the laboratory (presumably naïve) were either exposed to low temperatures (10°C or 13°C) or to 21°C (control). The field-exposed oysters used in the experiments did not show any mortality during the exposure periods in the field prior to returning back to the laboratory. Subsamples of the exposed oyster batches were left in the field to examine whether they suffered mortalities subsequently.
Low temperature treatments
Oysters exposed to low temperature were placed in 8 rectangular 500-L flow-through tanks 
Challenge experiments
Challenge experiments consisted in (1) exposing subsamples of oysters (280 individuals) from each condition to a thermal elevation to 21°C in the laboratory to activate OsHV-1 in asymptomatic carriers (Petton et al. 2015) , or (2) transferring the remaining subsamples to the farming area in the Bay of Brest where mortalities were occurring (Fig. 1 ).
Thermal challenge
The thermal challenge was conducted on oysters at their arrival in the laboratory (d0), and 
Field transfer
In parallel to the thermal challenge, the remaining subsamples of oysters were transferred to the farming area in the Bay of Brest where mortalities were occurring while seawater temperature was >16°C (Fig. 2 ). Oysters were placed in duplicate mesh bags at a density of 140 individuals per bag. As for the thermal challenge experiment, subsamples of oyster seed maintained at 21°C in 500-L tanks (not previously exposed to field conditions nor low temperatures) were also deployed in duplicate mesh bags as control. Due to logistical limitation, dead oysters were counted only once on 5 November 2013, after the diseasemortality period, while seawater temperature was <14°C (Fig. 2) , and the mortality event had
passed. OsHV-1 DNA PCR assay was not conducted because it lacks sensitivity for detecting latent infection or asymptomatic carrier of the disease on pooled samples (Petton et al. 2015) .
Quantification of OsHV-1 DNA
Oysters sampled for OsHV-1 DNA detection were stored at -20°C until analysis. DNA extraction and OsHV-1 detection by PCR were performed by LABOCEA (Quimper, France).
Total DNA was extracted from an aliquot of tissue sample using a QIAgen QIAamp tissue mini kit, according to the manufacturer's protocol. The extracted DNA was stored at -20°C prior to pathogen detection and quantification. The detection and quantification of OsHV-1 DNA was carried out using a previously published real-time PCR protocol ).
Briefly, this protocol uses SYBR® Green chemistry with specific DPFor/Rev primers targeting the region of the OsHV-1 genome predicted to encode a DNA polymerase catalytic subunit (Webb et al. 2007 ). The method used in our study is the recommended method for reasons of availability, utility, and diagnostic specificity and sensitivity for OsHV-1 detection (OIE 2012) . Results were expressed as viral DNA copy numbers mg -1 wet tissue.
The standard real-time PCR using SYBR green cannot differentiate OsHV-1 reference from
OsHV-1 µVar. Therefore, specific primers were used to distinguish the "reference" and the presenting mortality in all French oyster production sites (Segarra et al. 2010 , Martenot et al. 2011 , Renault et al. 2012 . Therefore, in the present study, we refer to "OsHV-1" as "OsHV-1 µVar".
In our study, the likely minimum level of disease prevalence was less than 30% (with 95% confidence level), considering that 10 oysters (2 pools of 5 individuals for each tank or each
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6 treatment combination) were analysed for OsHV-1 DNA detection by qPCR, that there was no loss of sensitivity due to pooling and that the population of oysters is infinite (Pfeiffer 2010 Fig. 2 ).
Survival analyses
The statistical analyses were conducted using LIFETEST, LOGISTIC and PHREG procedures of the SAS software package (SAS 9.4, SAS institute, Carry, USA). A significant threshold of 0.05 was adopted for all statistical tests. Survival of naïve oysters (not exposed to field condition) were not presented nor included in statistical models because it was always 100%.
Life tables
Nonparametric estimates of the survivor function were computed by the Kaplan-Meier method (Kaplan & Meier 1958) . Survival time was measured as days from onset of experiment (d0, Fig. 1 
Cox regression
The survival time curves of oysters were compared using the Cox regression model (Cox 1972) , after adjustment for the effect of some static covariates such as duration of field exposure (5 d vs. 8 d) and temperature (21°C, 13°C and 10°C). The proportionality of hazards (PH) was checked with Martingale residuals (Lin et al. 1993 , Lee & Wang 2013 . Because the PH assumption was violated, time-dependent covariates representing the interaction of the original covariates and time were added to the model. Time (t) was defined as dichotomous: t ≤ 15d or t > 15d. These time intervals contained a sufficient number of deaths to estimate regression coefficients reliably (Anderson & Senthilselvan 1982 , Hess 1995 . Custom hazard
ratios were produced by means of contrasts. The interaction Temperature × Duration of field exposure was not replicated due to logistic constraint. Therefore, one limitation of our approach is that it did not allow us to unambiguously separate the interaction effect from among-tank differences, and inferential statistics should be interpreted with caution (Hurlbert 1984) .
Logistic regression
Logistic regression models were used to investigate the effect of duration of field exposure (5d vs. 8d), temperature treatment (10°C vs. 13°C), duration of temperature treatment and their mutual interactions on survival of oysters at the end of the challenge experiments (thermal challenge and field transfer). In these models, survival was based on the number of animals used at the onset of the challenge experiments, and mortality which may have occurred during the low temperature treatment was not taken into account.
Results
Low temperature treatments
Survival of oysters that had returned to the laboratory varied as function of temperature and duration of field exposure (Fig. 3) . During the first 15 days, the odds of oyster mortality were ca. 2.6 times higher at 21°C than at low temperatures (10°C or 13°C, Table 1 ). For instance, average survival of oysters previously exposed to field condition was 79.6% after 13 d at low temperatures in the laboratory, compared to only 23.0% at 21°C (Fig. 3) . During this time, the odds of mortality at 13°C and 10°C were not significantly different (Table 1) . However, during the next time interval (15-83d), the odds of oyster mortality were ca. 1.3 times higher at 13°C than at 10°C (Table 1 ). In addition, the odds of mortality increased with duration of field exposure when oysters were placed at low temperatures. This effect was particularly obvious at 13°C where the odds of mortality of oysters exposed for 8 d in the field was 2.6 times higher than that of oysters exposed for only 5 d (Table 1 , interaction "Temperature × Duration of field exposure").
Overall, temperature strongly influenced final survival of oysters (survival after 80-83 d at 10°C=74.8% and at 13°C=67.5%, and after 13 d at 21°C=23.0%, Fig. 3 ). It is worth noting that the survival of oysters left in the field was only 14.3 ± 4.6% by the end of the experiment, whereas survival of naïve oysters at low temperatures was 100% (data not shown).
At the onset of the temperature treatments, levels of OsHV-1 DNA in oysters previously exposed to field conditions for 5 d and 8 d in the Bay of Brest were 1.0 × 10 8 and 1.3 × 10 7
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8 copies mg −1 respectively (Table 2 ). In contrast, OsHV-1 DNA was not detected in naïve oysters maintained in the laboratory at these times. Therefore, oysters became infected by
OsHV-1 by means of brief exposure to field conditions for 5 d or 8 d in areas where mortalities were occurring, whereas OsHV-1 DNA remained undetected in naïve oysters.
Given these results, oysters exposed to field conditions and further used in low temperature treatments were infected by OsHV-1. OsHV-1 µVar-specific PCR analyses performed on these samples detected OsHV-1 µVar genotype only.
OsHV-1 DNA in oysters previously exposed to field conditions for 5 d became undetectable (Table   2 ).
Challenge experiments 3.2.1. Thermal challenges in the laboratory
Cold-acclimated oysters exposed to a thermal elevation at 21°C in the laboratory exhibited high levels of mortality (Table 3) whereas control oysters (those not previously exposed to field conditions but maintained at low temperature in the laboratory before thermal challenge)
showed no mortality (data not shown). Survival of oysters at 21°C under laboratory conditions varied as a function of duration of field exposure (logistic regression model, Wald χ2=127.2, p<0.001) and temperature treatment (Wald χ2=129.1, p<0.001). In contrast to the low temperature treatment, the odds of oyster mortality were ca. 2.1 times higher in animals exposed to 10°C than 13°C (odds ratio 13°C vs. 10°C =0.472). Also, odds of mortality were ca. 2.1 times higher in oysters exposed for 5 d in the field compared to that of animals exposed for 8 d (odds ratio 8d vs. 5d =0.475).
Overall, cumulative survival of oysters exposed to low temperature and then to 21°C was 41.4% (± 9.6, Table 3), which is somewhat higher than that of animals directly placed at 21°C in the laboratory (23.0%) or those left in the field, not exposed to laboratory conditions (14.3 %).
Cold-acclimated oysters, previously infected with OsHV-1, and further exposed to a thermal elevation to 21°C in the laboratory, showed high level of OsHV-1 DNA in at least one of the two sampling dates (Table 4) . In contrast, OsHV-1 DNA was not detected in control oysters maintained at 21ºC throughout the experiment. p<0.001). In contrast to the low temperature treatment, odds of mortality of oysters returned to the field were ca. 1.8 times higher in animals exposed to 10°C than 13°C (odds ratio 13°C vs.
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10°C =0.545). Also, odds of mortality were ca. 1.8 times higher in oysters exposed for 5 d in the field compared to that of animals exposed for 8 d (odds ratio 8d vs. 5d =0.556). Finally, odds of mortality were markedly higher in oysters exposed to low temperature for less than 64 d compared to that of animals exposed for 64 d (odds ratio 64d vs. others =0.066).
Overall, cumulative survival of infected oysters exposed to low temperature and then transferred back to the field was only 20.2% ± 7.9 (Table 3) , which is similar to that of oysters not previously infected with OsHV-1 but exposed to low temperature (17.5% ± 7.7) and to that of oysters not previously infected with OsHV-1 and maintained at 21°C (22.2% ± 9.9). It is noteworthy that odds of mortality were lower in control oysters transferred to the field at 64 d compared to that of animals transferred before (odds ratio 64d vs. others =0.066), as previously reported in cold-acclimated oysters.
Discussion
In our study, the survival of oysters infected with OsHV-1, by means of short exposure to field conditions where disease related mortality occurred, was markedly improved by means of low temperature treatment, as previously reported (Petton et al. 2013) . Indeed, survival of oysters at the end of the temperature treatment was 74.8% and 67.5% at 10°C and 13°C respectively compared to only 23% at 21°C. Also, level of OsHV-1 DNA in oyster tissues decreased gradually during cold-exposure, up until becoming hardly detectable after 24 d. It is therefore likely that low temperature treatments reduce viral replication. Indeed, replication of herpes viruses relies on the host cell machinery (Lyman & Enquist 2009) , which may correlate with temperature-dependant physiological rates in oysters (Bougrier et al. 1995) .
Interestingly, survival of oysters in the laboratory at low temperature decreased with duration of field exposure in a way similar to a dose-response relationship, as previously reported at 21°C (Petton et al. 2015) . This result suggests that the survival improvement due to low temperature treatments decrease with infectious pressure.
Our results show that OsHV-1 is persistent in oysters at low temperature (<13°C) and it is reactivated during thermal elevation to 21°C. A similar pattern was reported in common carp
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Cyprinus carpio exposed to Koi herpesvirus (KHV) (St-Hilaire et al. 2005) . For instance, fish infected with KHV and further maintained at 12°C, a temperature below the threshold value of 16°C at which the virus is active, exhibited no mortality for 30 weeks, but mortality was observed when temperature was increased to 23°C. Therefore, the reactivation of the virus can occur several weeks to months after the initial exposure and appears to be temperature dependent.
Overall survival of oyster seed infected with OsHV-1 was not improved by low temperature treatment. This result contrasts with a previous study where cold-acclimated oysters infected with OsHV-1 did not exhibit any mortality at 21°C and OsHV-1 DNA was not detected (Petton et al. 2013) . In both studies, diseased oysters were not injected with OsHV-1, but were instead exposed to field conditions in which disease-related mortality was occurring, so that the concentration of infective particles was not controlled and it may have varied between studies. In support of this hypothesis, survival of oysters previously exposed to field conditions for 5 days was only 23% in our study compared to 60-100% in 2011 (Petton et al. 2015) . Furthermore, the duration of field exposure required to observe the first mortality was ~14 d when Petton et al. (2013) did their experiments, compared to only 9 d in the present study (unpublished data) . Differences between studies likely reflect the differences in the infective dose faced by the oysters during field exposure.
Conclusion
The present study showed that overall survival of oyster seed infected with OsHV-1 was not improved by low temperature treatments, which temper the previous results of Petton et al. (2013) . Consequently, low temperature treatments do not reliably remedy infection with OsHV-1. From a practical standpoint, our study suggests that moving infected oysters to a cooler area before the onset of mortality to limit mortality is not a good practice. Indeed, these infected animals will likely exhibit high mortality once temperature permits virus replication, as reported in the present study. Survival of oysters may not be improved, and the risk of disease transmission to neighbouring stocks can be high. Finally, our study supports the idea that thermal elevation of oysters at 21°C, by revealing asymptomatic carriers of OsHV-1, is complementary to PCR assays for characterising the health status of oysters (Petton et al. 2015) . A C C E P T E D M A N U S C R I P T
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